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(see Supplementary text 1). The paucity of spacer matches in hyperthermophiles is puzzling 77 because all these organisms possess CRISPR-cas loci (as opposed to only a minority among 78 mesophiles) 16 , with the implication that CRISPR activity is essential for the survival of these 79 organisms. The lack of recognizable spacers could be due to under-sampling of the respective 80 virome and/or to preferential utilization of partially matching spacers by the CRISPR-Cas 81 systems of thermophiles. Generally, the aspects of the biology of different groups of prokaryotes 82 that might determine the activity of the CRISPR-Cas systems, and hence the fraction of spacers 83 with matches, remain to be explored. 84 The CRISPR-Cas spacers have been demonstrated to insert in a polarized fashion, mostly in the 85 beginning of arrays, adjacent to the leader sequence (although in some case, internal insertion 86 has been observed as well), resulting in unidirectional growth of the array that, however, 87 subsequently contracts via loss of distal spacers 17, 18 . Indeed, a notable excess of spacers with 88 matches was observed near the ends of the arrays, with a sharp decline downstream ( Figure   89 1A,B), indicating that a large fraction of recently acquired spacers originate from sequences 90 available in current databases. 91 In most subtypes of CRISPR-Cas from most bacterial and archaeal phyla, 70 to 90% of the 92 protospacers originated from virus or provirus sequences (proviruses were consistently identified 93 with two independent approaches; see Supplementary figure 2 and Methods for details) (Tables 1   94 and 2), in agreement with the common notion that CRISPR-Cas is primarily engaged in antiviral 95 defense. Notably, subsets of virus-specific spacers are shared between different species and even 96 genera of bacteria (e.g. Staphylococcus-Streptococcus and Escherichia-Cronobacter), which 97 yields a host-virus network that includes several large connected components (Supplementary 98 Figure 3 , Supplementary data set 1). Analysis of the provenance of the non-viral protospacers 99 showed a clear preponderance of sequences from gene families implicated in conjugal transfer 100 and replication of plasmids, such as type IV secretion systems 19 (Figure 2 and Supplementary 101 data set 2). Notably, several protospacers also originated from cas genes, particularly cas3 102 ( Figure 2 and Supplementary Table 1) , recapitulating the recent finding of cas-matching 103 protospacers in orphan CRISPR arrays 20 . Of the remaining genes containing protospacers, 104 many are unannotated, which is typically caused by low sequence conservation, and potentially 105 could originate from viruses or plasmids as well. A small fraction of spacer matches map to 106 genomic regions annotated as intergenic (Tables 1 and 2) but manual examination of such cases   107 led to identification of putative protein-coding genes that apparently have been missed by 108 genome annotation (Supplementary text 2). Complete reannotation of the available prokaryotic 109 genomes is a demanding project outside the scope of this work but, with this caveat, only a small 110 fraction of the detected protospacers could be traced to sequences demonstrably not originating 111 from viruses or other mobile elements. Previous analyses of CRISPR arrays from individual 112 bacterial and archaeal genomes have reported widely different fractions of self-matching spacers 113 1,21 . Our current, comprehensive analysis indicates that the overwhelming majority of the spacers 114 that persist long enough to be detected are derived from viruses and other mobile elements 115 (collectively, known as the mobilome 22 ), apparently indicating strong selection against self-116 targeting spacers.
117
Where do the ~93% of the spacers that comprise the dark matter of CRISPR arrays come from?
118
In an attempt to gain insight into the origin of these spacers, we compared the nucleotide 119 compositions of the spacers, the respective prokaryotic genomes and the virus genomes 120 containing the corresponding protospacers. The compositions of the three sequence sets showed 121 near perfect correlation and were almost identical across the entire range of the GC-content; 122 closely similar results were obtained regardless of whether all spacers or only spacers with 123 matches were included ( Figure 3A strongly suggest that they all come from a single, intermixing, species-specific sequence pool.
129
Bacteriophage genomes are generally considered to have a lower GC-content than the host 130 genomes such that prophages form AT-rich genomic islands 23 , which seems to be at odds with 131 the near perfect correlation we observed. To investigate this discrepancy, we compared the GC-132 content of phage and host genomes for several bacteria for which numerous phages have been 133 characterized; all available phage genomes were included in this analysis, regardless whether or 134 not corresponding spacers were detected. In most cases, there was indeed considerable AT-bias 135 in phages but numerous phage genomes had the same composition as the host and spacers 136 ( Figure 4 ). Conceivably, the spacers come from the most abundant phages that match the hosts in 137 the GC-content. 138 We further investigated the provenance of the dark matter spacers using an alternative approach.
139
Matches to genomes from different microbial taxa, in the range from strains within the same 140 species to different domains (archaea and bacteria), were tallied for the CRISPR spacers and for 141 'mock spacers', i.e. 1000 randomly sampled sequence segments of the same length from each 142 CRISPR-carrying genome. The distributions of the matches were substantially different for the 143 two sequence sets: the spacers matched genomic sequences almost exclusively within the same 144 species, and almost none were found outside the same genus, whereas for the mock spacers, 145 numerous matches were detected in distantly related genomes ( Figure 5A ). The distributions of 146 the number of matches per (mock) spacer are quite different also, with the spacers being largely 147 unique or matching only a few sequences, in contrast to the distribution for the 'mock spacers' 148 that was dominated by a peak of abundant matches ( Figure 5B ). These observations indicate that 149 the protospacers come from a sequence pool that is sharply different from the average genomic 150 sequence in terms of evolutionary conservation. The protospacer sequences are extremely poorly 151 conserved, which is the property of the mobilome.
152
In the present dissection of the CRISPR (proto)spacer space, we made two principal 153 observations. First, the spacers with detectable protospacer matches that persist in CRISPR 154 arrays originate (almost) exclusively from genomes of mobile elements, mostly viruses, but also 155 plasmids. This is not an unexpected finding, being compatible with multiple previous 156 observations on individual prokaryotic genomes, but the overwhelming dominance of mobilome-157 derived sequences is now validated quantitatively on the scale of the entire prokaryotic sequence 158 space. Notably, the great majority of viral protospacers were actually detected in provirus 159 sequences. In part, this could reflect bias caused by the incompleteness of the current virus 160 sequence database but the possibility also presents that CRISPR-Cas systems play a particularly 161 important role in the control of provirus induction. Such a mechanism is suggested by the 162 demonstration of transcription-dependent targeting of viral genomes by some CRISPR-Cas 163 systems 24 .
164
The strong selectivity of the CRISPR-Cas systems towards the mobilome is likely to stem from 165 two sources, namely, self vs non-self discrimination at the stage of spacer incorporation and CRISPR-Cas types and subtypes were assigned to CRISPR arrays using previously described procedures 216 16, 33 . All ORFs within 10 kb upstream and downstream of an array were annotated using RPS-BLAST 34 217 with 30,953 protein profiles (from the COG, pfam, and cd collections) from the NCBI CDD database 35 218 and 217 custom CRISPR-Cas protein profiles 33 . In cases of multiple CRISPR-Cas systems present in an 219 examined locus, the annotation of the first detected variant was used to annotate the array. 220
Given the frequent misidentification of CRISPR arrays (Supplementary text 3) , a filtering procedure for 221 "orphan" CRISPR arrays (i.e. the arrays that are not associated with cas genes) was applied. A set of 222 repeats from CRISPR arrays identified within typical CRISPR-cas loci was collected, and these were 223 assumed to represent bona fide CRISPR (positive set). A BLASTN 36 search was performed for all repeats 224 from orphan CRISPR arrays against the positive set, and BLAST hits were collected that showed at least 225 90% identity and 90% coverage with repeats from the positive set. All arrays that did not produce such 226 hits against the positive set were discarded. The resulting 42,352 CRISPR arrays were used for further 227 analysis. 228 the NR/NT nucleotide collection 37 and against the prokaryotic database described above. The hits with 235 at least 95% sequence identity to a spacer and at least 95% sequence coverage (i.e. allowing one or two 236 mismatches) were accepted as protospacers. This threshold was defined from the results of a 237 comparison of the number of spacer BLAST hits into prokaryotic and eukaryotic virus sequences 238 ( Supplementary Figure 6) , where eukaryotic viruses served as a control dataset for false predictions. The 239 threshold was set at the lowest false discovery rate of 0.06. As a result, 2,981 spacer matches were 240 detected in viral sequences and 23,385 matches in prokaryotic sequences. 241
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Annotation of protospacers in prokaryotic genomes
242
To identify protospacers that belong to proviruses among the 23,385 spacer matches obtained in the 243 prokaryotic genomic sequences, the following procedure was applied: 244
• All ORFs within 3 kb upstream and downstream of a spacer hit were collected 245
• A PSI-BLAST 36 search for all ORFs from these loci against the virus part of the NR 246 database 37 , with the following command line parameters: "-seg no -evalue 247 0.000001 -dbsize 20000000", was performed 248 The results obtained with this classification procedure were compared to those obtained with PhiSpy 38 , 255 a commonly used prophage finder tool (default parameters) for the protospacer matches identified in 256 the 4,961 completely assembled genomes. Of the 1,240 spacer matches in complete genomes, 999 hits 257 were identified as (pro)virus-targeting by the ad hoc procedure described above. Using PhiSpy, 902 258 spacers were mapped to proviruses, of which 819 overlapped with the set of 999 viral matches detected 259 by the ad hoc method, indicating high consistence of the predictions by the two approaches. 260
The distribution of protospacers across CRISPR-Cas types and subtypes was obtained from the unique 261 spacer set. In cases when a unique spacer was identified in CRISPR arrays from different subtypes, only 262 one instance was counted. The same procedure was applied to estimate the distribution of protospacers 263 among the bacterial and archaeal phyla. 264 The comparison of the matches distribution for spacers and random fragments was performed on 2,104 292 complete genomes that contained CRISPR arrays. For each genome, 1000 random fragments, with the 293 length equal to the median length of spacers in the given genome, were extracted. A BLASTN search 294 against the prokaryotic database was performed for these fragments and for spacers, with following 295 parameters: "-max_target_seqs 10000000 -dust no -word_size 8". Exact matches were selected for 296 further analysis. Identification and classification of the CRISPR-Cas systems were as previously described 16, 42 ; 469 CAS-I, CAS-III denote loci that could be assigned to types I and III, respectively, but not to a 470 specific subtype; Unidentified are orphan CRISPR arrays and incomplete CRISPR-cas loci. Figure 5B 
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